Raw horsemeat has the potential to induce food poisoning which often presents with diarrheal symptoms. A sample of horsemeat was found to be infected with Sarcocystis fayeri, and a 15-kDa protein isolated from the cysts of S. fayeri was found to clearly show its diarrhea-inducing activity. A nested polymerase chain reaction was used to clone the cDNA of the 15-kDa protein. The deduced amino acid sequence showed homology to actin-depolymerizing factor (ADF). A recombinant 15-kDa protein depolymerized prepolymerized actins in a test tube. The 15-kDa protein possessed conserved amino acid sequences of ADF of Toxoplasma gondii and Eimeria tenella. These characteristics indicate that the 15-kDa protein of S. fayeri belongs to the ADF/cofilin protein family. The recombinant 15-kDa protein evoked fluid accumulation in the looped ileum, resulting in diarrhea, but it did not kill the cultured fibroblast cells, macrophages or intestinal mucosal cells. In addition, the culture supernatant of the macrophages treated with the recombinant 15-kDa protein killed the fibroblast L929 cells. This fact indicates that ADF of S. fayeri induced cytotoxic substances, such as tumor necrosis factor-a, according to the published reports. Although further experiments are needed now to elucidate the enterotoxic mechanism of S. fayeri's ADF, our findings may offer new insight into research on parasites and parasite-instigated food poisoning.
Introduction
Parasitic diseases such as food poisoning are a major concern (Donny et al. 2009 ) and are not limited to developing countries. Americans consume approximately five billion hamburgers a year. Prayson et al. tested eight different brands of hamburgers, and found that two of eight brands contained cysts of Sarcocystis parasites in the meat (Prayson et al. 2008) . Sarcocystis cysts were also detected in retail hamburger meat in Iran, although no patients with symptoms related to these cysts were found (Khaniki & Kia 2006) . However, there have been reports of the hazard that the Sarcocystis parasite poses to humans. Volunteer experiments have been performed with kibbe (raw sheep meat mixed with bulgur, a common Middle-Eastern food) containing Staphylococcus hominis. Six of the seven volunteers excreted sporocysts and two developed diarrhea (Pana et al. 2001) . S. hominis induces intestinal sarcoidosis with sporocysts produced as the next generation in the epithelial cells. The cellular damage induces enteritis, which causes symptoms of intestinal disorders to appear. S. suihominis also induces intestinal sarcocystosis in humans (Fayer et al. 2015) . There are many opportunities to consume Sarcocystis parasites through meat and meat products. Given that some persons prefer rare-cooked meat, it is also possible to consume live Sarcocystis cysts. These findings indicate that Sarcocystis in meat is a risk factor for public health.
Infection with Sarcocystis spp. has been reported in cattle, horse, swine and sheep, as well as in other animals, including humans as mentioned above (Fayer 2004; Fayer et al. 2015) . The animals act as the final and/or intermediate hosts. Genus Sarcocystis parasites live as a cyst form in the muscles of herbivorous animals as intermediate hosts, and bradyzoites proliferate in their cysts. The life cycle of Sarcocystis parasites is completed when the flesh of the intermediate hosts is consumed by carnivorous animals, such as dogs and foxes, as the final host (Fayer 2004) .
We found that S. fayeri was a causative agent for raw horsemeat-originated food poisoning (Kamata et al. 2014) . A particularly common property of instances of food poisoning by horsemeat containing S. fayeri is the short incubation period (shortest period: 1 h). Food poisoning caused by toxin-producing bacteria such as Staphylococcus aureus and Bacillus cereus also has a short incubation period, suggesting the diarrheal symptoms might be evoked by the toxinlike substance(s) of S. fayeri. A 15-kDa protein isolated from the extracts of S. fayeri cyst was found to induce a fluid accumulation response in a rabbit ileal loop test. A further two peptides were isolated from the products of this 15-kDa protein treated with trypsin. These peptides showed high homology to actin-depolymerizing factor (ADF) of Toxoplasma gondii and Eimeria tenella (Kamata et al. 2014) . In 1998, a protein isolated from embryonic chick brain was named ADF for its ability to depolymerize low concentration of filamentous actin (F-actin) to monomeric actin (G-actin) (Berstein & Bamburg 2010) . A similar protein was isolated from porcine brain and named cofilin-1 for its ability to bind and co-sediment with F-actin (co-filamentous with actin). ADF binds to and severs F-actin and increases the G-actin pool. ADF is intimately involved in modification of the cytoskeleton and motility of Apicomplexan parasites (Fower et al. 2004) .
ADF of T. gondii and E. tenella was cloned and characterized (Allen et al. 1997; Xu et al. 2008; Zhou et al. 2010) . ADF of Entamoeba invades is involved in encystation and excystation (Makioka et al. 2011) . A major role of ADFs is remodeling the actin cytoskeleton, which contributes to the invasion of the protozoan into the host cells (Sibley 2004; Xu et al. 2008; Zhou et al. 2010) . Our literature survey showed that ADF of parasites has been well characterized, but there have been no reports of its toxic properties, especially enterotoxic in humans. We herein report on the cloning of the cDNA of a toxic 15-kDa protein of S. fayeri and the preparation of its recombinant protein. We also characterized the recombinant 15-kDa protein for its biochemical and pathological properties as a causative toxin for food poisoning. We propose 'parasite-toxic food poisoning' as a new category of both food poisoning and parasitic disease.
Results
Cloning of the cDNA of the 15-kDa protein of Sarcocystis fayeri and the presence of its gene in the genome of Sarcocystis fayeri An amplified product of the first polymerase chain reaction (PCR) of the nested PCR was not visible, but the second PCR produced an amplicon of approximately 250 bp (data not shown), which was in accordance with the estimated number of bp. Rapid amplification of cDNA ends (RACE) was then carried out toward the 3 0 and 5 0 ends. It was found that the cDNA contained an open reading frame of 354 bp (GenBank Accession No. AB753719.1) encoding a protein of 118 amino acids with a calculated molecular weight of 13 340 (Fig. 1) . The amino acid sequence of the two peptides homologous to ADF of T. gondii and E. tenella (Kamata et al. 2014) was found in the deduced amino acid sequence of the cDNA (Fig. 1 ). An approximately 350-bp amplicon was detected in the PCR products to the S. fayeri cDNA library ( Fig. 2 panel A) , but an approximately 3500-bp amplicon was found in the PCR products of the genome DNA (Fig. 2, panel B) .
Alignment of the amino acid sequences of the 15-kDa protein and the actin-depolymerizing factor of T. gondii and E. tenella No. U62146.1) and between S. fayeri and E. tenella (GenBank Accession No. EF195234.1), respectively. These calculations imply that the 15-kDa protein was more similar to the ADF of T. gondii than to that of E. tenella.
Immunostaining to detect the bradyzoites of Sarcocystis fayeri in the horsemeat homogenates using the antibody against the isolated 15-kDa protein An antibody against the isolated 15-kDa protein was applied to a glass slide bearing a small volume of the horsemeat homogenate containing the cysts of Sarcocystis. The usage of a fluorescence-labeled secondary antibody provided a positive signal in the homogenate containing the cysts. The merged figure containing the regular morphological view and the fluorescence view showed apparent bradyzoites with a clear fluorescence signal (Fig. 4 ). There were no fluorescence signals in the horsemeat homogenates without the cysts (Fig. 4) .
Binding of the antibody against the isolated 15-kDa protein to the recombinant 15-kDa protein and extracted proteins from the cysts of S. fayeri
The purity of the recombinant 15-kDa protein was assessed by SDS-PAGE, showing one band as evidenced by the gel (Fig. 5, panel A) . The antibody against the isolated 15-kDa protein bound to the purified recombinant 15-kDa protein in immunoblotting ( concentration of recombinant 15-kDa protein.
The decrease in the viability of L929 cells was dosedependent ( Fig. 9 ). These findings show that the recombinant 15-kDa protein stimulates RAW269 cells, which then produce and release factors possessing cytotoxic activities against L929 cells.
Discussion
We herein report a new diarrhea-evoking 15-kDa protein originating from the cysts of S. fayeri. The protein was determined to be a direct etiological substance for S. fayeri food poisoning. The inner parts of the protein showed homology to ADF of T. gondii and E. tenella (Kamata et al. 2014) . We cloned the cDNA of the 15-kDa protein, prepared its recombinant protein and characterized its molecular biological, biochemical and toxicological properties.
The nested PCR effectively amplified the target cDNA using the degenerate and oligo dT (20) primers, and a full nucleotide sequence of the cDNA coding 15-kDa protein was obtained by the RACE method. The recombinant 15-kDa protein depolymerized the rabbit actins that were prepolymerized. The deduced amino acid sequence of the 15-kDa protein indicated that the 15-kDa protein consisted of 118 amino acid residues. ADF of T. gondii and E. tenella also consisted of 118 amino acid residues (Allen et al. 1997; Xu et al. 2008; Metha & Sibley 2010) . According to the alignment analysis of their amino acid sequence, 88 (75%) and 71 residues (60%) were the same between the 15-kDa protein of S. fayeri and the ADF of T. gondii, and E. tenella, respectively. The phosphorylation site (Ser3) on the molecule is recognized as the site for the function of ADF/cofilin family proteins (Allen et al. 1997; Metha & Sibley 2010; Zhou et al. 2010) . The same site was conserved among the three proteins. All of these findings and considerations strongly support the conclusion that the 15-kDa protein of S. fayeri is ADF. 
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The cDNA of the 15-kDa protein consisted of 354 bp, but the size of the amplicon after PCR against a library of the S. fayeri genome was approximately 3500 bp. This finding suggests that the ADF gene consists of at least two exons and one intron. We carried out a partial genome analysis of S. fayeri using a next-generation sequencer and found evidence that concords with this finding (SI, unpublished data). The antibody against the 15-kDa protein isolated from the protein extracts of S. fayeri's cysts also recognized to the recombinant 15-kDa protein.
The recombinant 15-kDa protein seems to possess the same protein chemical and immunological properties as the 15-kDa protein that is isolated from the protein extracts of S. fayeri's cysts. ADF of T. gondii is scattered beneath the cell membrane (Allen et al. 1997) . The fluorescencelabeled antibody stained the whole body of bradyzoites clearly. Although the discrimination of bradyzoites in the meat homogenates under a microscope is difficult due to tissue debris, the application of a fluorescence-labeled antibody will provide an easy method for detecting bradyzoites of Sarcocystis. It has been reported that ADF is involved in the establishment of a parasite infection through the modification of actin dynamics, resulting from the morphological changes (Sibley 2004; Xu et al. 2008; Zhou et al. 2010) . Mice were immunized with a recombinant ADF of T. gondii and injected intraperitoneally with tachyzoites of T. gondii. The surviving ratio of the ADF-immunized mice was higher than that of PBS-immunized mice (Huang et al. 2012) . The percentage of CD 4+ was found to be increased in the immunized mice. These observations suggest that ADF has unknown activity in addition to the regulation of actin dynamics. ADF of S. fayeri possesses enterotoxic activity as described in this paper. Furthermore, analyses of the functions of ADF in other parasites, especially those in the phylum Apicomplexa, are likely to be very revealing.
Sarcocystis hominis and S. suihominis cause human intestinal sarcocystosis, indicating that humans are the final host (Fayer 2004) . The bradyzoites of the species invade the epithelial cells. During production of the next generation of the species in human beings, enteritis produces symptom of intestinal disorder (Fayer 2004) . Whereas the final host of S. fayeri is not humans, the consumption of meat containing S. fayeri does cause diarrhea in human beings (Kamata et al. 2014) . Lysates of bradyzoites of S. fayeri induced TNF-a production in cultured macrophages (Fayer et al. 1988) . The extracts of cysts of S. cruzi were found to induce TNF-a in rabbits (Nakamura et al. 1999) . The ADF is distributed in the cytosol (Bamburg 1999; Berstein & Bamburg 2010) and must therefore be released from the parasite bodies during contact with the intestinal tissues. The intestinal wall of the loop inoculated with the recombinant 15-kDa protein was thin, but was not found to be affected 
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Recombinant 15-kDa protein (μg/mL) Figure 9 Induction of cytotoxic substances by the recombinant 15-kDa protein of S. fayeri. The culture supernatant of RAW264 cells treated with the recombinant 15-kDa protein for 24 hr was added into the medium for L929 fibroblast cells which are sensitive to tumor necrosis factor-a (Flick & Gifford 1984) . After further 24 hr of culture, the viability of the L929 cells was determined.
Genes to Cells (2017) 22, 825-835 pathologically. The 15-kDa protein did not injure the fibroblastic, macrophage-like or intestinal mucosal epithelium-like cultured cells. The recombinant 15-kDa protein also induced the production of some cytotoxic substances, such as TNF-a, in the cultured macrophages. In data not shown, the gene of TNF-a was expressed in the macrophage RAW264 cells after exposure of the recombinant 15-kDa protein to the macrophages, when reverse-transcriptase PCR experiments were carried out. Based on the findings in this study, the following mechanism for diarrhea from food poisoning due to S. fayeri can thus be suggested: (i) meat-parasitizing cysts of S. fayeri are eaten alive; (ii) the bradyzoites release from the cysts and reach the intestinal cavity through the stomach; (iii) due to the un-matching of the species-species relationship, invasion by the bradyzoites of S. fayeri does not occur into the human intestinal cells; (iv) the bradyzoites undergo protease digestion in the intestinal cavity; Clostridium perfringens enterotoxin, a typical cytotoxic diarrheal toxin, binds to a specific receptor and forms a channel through the cell membrane, at which point water exists through the channel (Freedman et al. 2016) . The ADF of S. fayeri induced the accumulation of water-like fluid in the loop of the ileum, and the surface of the mucosal membrane was pale. C. perfringens enterotoxin induced a congested mucosal surface. These findings indicate that the enterotoxic mechanism differs between the parasitic ADF and the bacterial toxin. The downstream molecular events after stimulation by ADF should be studied to clarify the mechanism of Sarcocystis-instigated food poisoning. Although further experiments are needed to elucidate the enterotoxic mechanism of ADF of S. fayeri, our findings may offer new insights into research for parasites, parasite-instigated food poisoning and ADF.
Experimental procedures
Cloning of the cDNA of the 15-kDa protein of S. fayeri Total RNA was isolated from a single cyst of S. fayeri using the ISOGEN (Nippon Gene), and a reverse-transcriptase reaction was carried out with the total RNA using a Prime Script Reverse transcriptase (TAKARA BIO). Part of the 15-kDa protein cDNA was amplified by a nested PCR. Two peptides, IQETEIVVEK and RLDGVAALALEAHDLSDFET, were separated from the 15-kDa protein, as reported in the previous study (Kamata et al. 2014) . According to these amino acid sequences and the homologous sequence of ADF of T. gondii and E. tenella, the following degenerate primers were designed:
The first PCR was carried out with 1 lL of the products of the reverse-transcriptase reaction as a template using Oligo (dT) 20 M4 primer (TAKARA BIO) and T27-3 in a 40-cycle reaction (Denature: 94°C 30 s, Annealing: 55°C 30 s, Extension: 72°C 60 s). The second PCR step was then carried out using T27-2 and T54-3-1-r primers in a 40-cycle reaction (Denature; 94°C 30 s, Annealing; 40°C 30 s, Extension; 72°C 60 s). An amplicon of the nested PCR was inserted into a pGEMTeasy plasmid (Promega KK). The fulllength cDNA of the 15-kDa protein then was obtained using a SMARTer TM RACE cDNA Amplification Kit (Clontech Laboratories) with the 5 0 and 3 0 ends. The cDNA was inserted into the pGEMTeasy plasmid, and a nucleotide sequence was determined. The amino acid sequence of the isolated peptide and the nucleotide sequence of the cloned cDNA were analyzed for similarity using the on-line BLAST program.
PCR for a coding sequence of the cloned gene in the genome DNA and cDNA of S. fayeri
The genome DNA was extracted from a single cyst of S. fayeri using the QIAamp DNA Blood Mini Kit (Qiagen). PCR was carried out for the detection of a putative coding sequence of the cloned 15-kDa protein gene in the genome DNA and in the cDNA library described above using the following primers in a 30-cycle reaction (Denature: 94°C 90 s, Annealing: 58°C 20 s, Extension: 72°C 50 s).
Preparation of a recombinant 15-kDa protein
The coding region of the 15-kDa protein was inserted into a vector, pHAT10 (Clontech Laboratories). E. coli strain BL21 (DE3) star (Life Technologies Inc., Rockville, MD, USA) was transformed with the plasmid, grown in LB medium (Becton Dickinson and Company, Tokyo, Japan) and treated with isopropyl-b-D-thiogalactopyranoside (IPTG). The pHAT10 plasmid inserts part (19 amino acids) of chicken lactate dehydrogenase into a recombinant protein at the N-terminal (Takara Bio, Shiga, Japan). The E. coli cells were harvested by centrifugation at 6000 9 g for 15 min, and the cell pellet was dissolved in BugBuster Mater Mix (Novagen) in accordance with the manufacturer's instructions. After centrifugation of the dissolved products at 6000 9 g for 15 min, the supernatant was harvested and loaded onto TALON column (Clontech Laboratories), which was then washed, and a HATtagged recombinant toxic protein was eluted from the column with imidazole (Sigma-Aldrich, St Louis, MO, USA). The eluted protein was treated with entroMax (Life Technologies Inc.) to cleave the site connecting the tag peptide and the recombinant 15-kDa protein. Gel filtration using a Superdex 200 10/300 column (GE Healthcare) was conducted to obtain a pure recombinant protein that had been separated from the tag peptide and the proteinase. Protein concentration of the recombinant 15-kDa protein was determined by BCA methods (Smith et al. 1984) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out to check the purity of the recombinant 15-kDa protein.
Detection of bradyzoites of S. fayeri in the horsemeat homogenates using the antibody against the isolated 15-kDa protein Rabbits (Japanese white, male, 2.0 kg) were immunized with the 15-kDa protein isolated from the cysts. Immunization of rabbits was carried out at Funakoshi Co., Ltd. SDS-PAGE and immunoblotting of the cyst proteins were carried out to detect the presence of the protein that reacts to anti-15 kDa antibody using anti-rabbit IgG antibody labeled with horseradish peroxidase (Abcam).
Ten microlitre of horsemeat homogenates containing the cysts of S. fayeri (Kamata et al. 2014 ) was spotted onto a glass slide, dried and then fixed by treatment with 4% paraformaldehyde solution. The samples were treated with the anti-15 kDa protein antibody and FITC-labeled anti-rabbit IgG antibody (Sigma-Aldrich). A fluorescence signal was observed under a confocal laser scanning microscope (type C2, Nikon).
Actin-sedimentation assay for the recombinant 15-kDa protein Rabbit actin (Cytoskeleton Inc., Denver, CO, USA) was polymerized at a concentration of 1 mg/mL in a polymerizing buffer (30 mM Tris, pH 8.0, containing 0.2 mM ATP, 0.5 mM Dithiothreitol, 0.1 M KCl and 2 mM MgCl 2 ) for 30 min at 25°C according to the previously published method (Berstein & Bamburg 2010) . The recombinant 15-kDa protein at a final concentration of 2.5, 5 and 10 lM and the polymerized actin were mixed in sedimentation buffer (10 mM HEPES, pH 6.8 containing 2 mM MgCl 2 , 70 mM KCl and 0.1 M Dithiothreitol) and then incubated for 60 min. After centrifugation of the reaction products at 100 000 9 g for 60 min, the supernatant was electrophoresed in the presence of SDS, and then, the proteins in the gel were stained using a silver staining kit (Cosmo Bio Co., Tokyo, Japan). A band designating the position of depolymerized G-actin was scanned, and the darkness of the band was quantified using the NIH image software program.
Diarrheal activity of the recombinant 15-kDa protein Rabbits (Japanese white, male, 2.0 kg) were fasted for 24 hr before the operation. The animals were anesthetized with pentobarbital, the abdomen was opened, and then, loops of the ileum were prepared. Recombinant 15-kDa protein (50, 100 and 200 lg in 0.5 mL) was inoculated into a loop of ileum. C. perfringens enterotoxin (40 lg, Wako, Tokyo, Japan) was injected into the loop as a positive control. The fluid accumulation ratio (F/A ratio) was calculated based on the volume of fluid in the loop (mL)/length of the loop (cm).
Determination of cytotoxic activity of the recombinant 15-kDa protein
The RAW264 macrophage cell line was maintained in DMEM containing 10% FBS. The Caco-2 intestinal mucosal cell line was maintained in DMEN containing 15% FBS. L929, RAW264 and Caco-2 cells were seeded into a well of 96-well plate at 2 9 10 3 cells/well. After 2 days of culture, 10 lL of the recombinant 15-kDa protein diluted serially from final concentration of 0.0001 to that of 1 lg/mL was added to each well. DMEM-10% FBS was added to one well as a negative control. The viable number of treated cells after overnight culture was determined using Cell counting kit solution (DOJINDO). The solution in the kit was added to each well containing the cells and cultured for a further 1 hr, and then, the absorbance of the culture medium at 490 nm was measured using a microplate photo reader (ARVO MX 1420 Multilabel Counter, Perkin Elmer). The viability of the cells was calculated using the following formula:
Cell viabilityð%Þ ¼ ðAbs of treated cells=Abs of no cell wellÞ= ðAbs of negative control=Abs of no cell wellÞ Â 100
Detection of cytotoxic substances released from the macrophages treated with the recombinant 15-kDa protein
The induction of cytotoxic substances against L929 cells, that was released from the macrophages treated with the recombinant 15-kDa protein, was determined via the methods reported previously (Fayer et al. 1988) . In the methods, L929 cells are recognized as the cell line sensitive to tumor necrosis factor-a (Flick & Gifford 1984) . The culture supernatant of RAW264 cells treated with various concentrations of recombinant 15-kDa protein for 1 day was added to wells seeded Genes to Cells (2017) 22, 825-835 with L929 cells. The viability of the L929 cells was determined via the above-mentioned procedures. The induction of TNF-a was assessed by the decrease in the viability of L929 cells. Lipopolysaccharide (1 lg/mL; Sigma-Aldrich) was used as a positive control.
